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ABSTRACT: Single-composition white-emitting phosphors with supe-
rior intrinsic properties upon excitation by ultraviolet light-emitting
diodes are important constituents of next-generation light sources.
Borate-based phosphors, such as NaSrBO;:Ce*" and NaCaBO:Ce™,
have stronger absorptions in the near-ultraviolet region as well as better
chemical/physical stability than oxides. Energy transfer effects from
sensitizer to activator caused by rare-earth ions are mainly found in the
obtained photoluminescence spectra and lifetime. The interactive
mechanisms of multiple dopants are ambiguous in most cases. We
adjust the doping concentration in NaSrBO;:RE (RE = Ce**, Tb*,
Mn?") to study the energy transfer effects of Ce® to Tb*" and Mn** by
comparing the experimental data and theoretical calculation. The
vacuum-ultraviolet experimental determination of the electronic energy
levels for Ce®* and Tb in the borate host regarding the 4—5d and 4f—

4f configurations are described. Evaluation of the Ce®*/Mn?" intensity ratios as a function of Mn** concentration is based on the
analysis of the luminescence dynamical process and fluorescence lifetime measurements. The results closely agree with those
directly obtained from the emission spectra. Density functional calculations are performed using the generalized gradient
approximation plus an on-site Coulombic interaction correction scheme to investigate the forbidden mechanism of interatomic
energy transfer between the NaSrBO;:Ce*" and NaSrBO;:Eu** systems. Results indicate that the NaSrBO;:Ce®", Tb*', and Mn**
phosphors can be used as a novel white-emitting component of UV radiation-excited devices.

KEYWORDS: white-emitting phosphors, energy transfer effects, DFT investigations, devices

1. INTRODUCTION

Since the incorporation of Ce-doped yttrium aluminum garnet
(Y;AL0,,:Ce®; abbreviated as YAG:Ce®') as a vivacious
emission layer for the fabrication of white light-emitting diodes
(w-LEDs) by the Nichia Corporation, the performance of
phosphor-converted LED (pc-LED) has been improved mainly
by diversifying the components and encapsulation of the device
as well as phosphor synthesis and architecture refinement.' ™
Diverse approaches have been explored to enhance w-LED
efficiency, such as by improving the chips, electric circuits,
phosphors, and encapsulants.**> Moreover, chromatic aberra-
tion and thermal quenching prevent the expansion of the most
common w-LED composed of an InGaN-based blue diode and
yellow YAG:Ce® phosphor.®™® An alternative way to overcome
these difficulties is to combine ultraviolet (UV) LEDs (300 to
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410 nm) with blue/green/red tricolor phosphors because these
provide high color rendering indexes and excellent light output
performances. However, the considerable reabsorption causes
low luminescent efficiency, and the complicated design of
multiple emitting components are rugged in this system.”'® In
recent years, researchers have been developing single-
composition white-emitting phosphors, which are excited by
UV-LED to prevent the cross-color, instability of color
temperature, and expensive cost problems. Even though the
phosphor is an important component of the LED device,
relatively scant studies have been conducted on the interactive
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mechanism of the activators. Therefore, determination of the
importance of the energy transfer effects in luminescent
materials deFends on experimental results and also theoretical
calculations.'" First, energy transfer from vicinal sensitizers has
been considered to enhance or quench the improvement of the
emission intensity in various activators. For instance, the broad
emission band in the visible range of the transition metal Mn?*
originates from the d—d transition consisting of a forbidden
transition and difficult excitation. For this reason, the distinct
emission of Mn*" ions is usually excited through energy transfer
from the spectral overlap between the absorption band of Mn**
ions and the emission band of promising sensitizer Eu** or Ce®"
ions in many hosts.">™"? Second, considering the practical
applications of LED devices, the excitation wavelength of the
activators cannot match the requirements of the available chips.
For example, the rigorously forbidden 4f—4f transitions of the
Tb*" absorption peaks in the near UV region are very weak.
Some favorable ions such as Eu** and Ce*', whose electric
dipole-allowed transition commonly engages beneficially in the
UV- or blue-chip, can work as a helpful energy donor (D) in
which the efficient energy transfer occurs between D and the
energy acceptor (A).”°">" According to Dexter’s energy-
transfer theory, the determination of efficiency principally
depends on the spectral overlap between the emission spectra
of the sensitizers and the absorption spectra of the activators.”®
Co-doped phosphor accompanied two kinds of transfer
pathways: nonradiative and radiative. The nonradiative transfer
mechanism is confusing because of the unknown multipolar
interaction and exchange interaction.' Furthermore, the broad
emission energy transition (Sd — 4f) of the sensitizers, which is
allowed by the Laporte parity selection rules, is deeply affected
by the crystal field and the covalency of many inorganic hosts.””

Wu et al*® successfully synthesized a novel orthoborate
(NaSrBO;) that was crystallized in the monoclinic space group
P2,/c consisting of the anisotropic polarizations of planar BO;
groups, according to the powder X-ray diffraction data. This
chemical composition has good quantum efficiency (QE), high
color purity, low reaction temperature, and good stability when
doped with rare-earth activators.>' >* After our previous
submission, Zhang et al>>*® reported the luminescence of
single-doped phosphor NaCaBO,:Ce** and the color/chroma-
ticity tenability of multidoped phosphor NaCaBO,:Ce*, Tb*,
and Mn”* with the energy transfer processes of Ce®" to Tb*"
and Mn>". Here, we demonstrate the parameters of borate
crystallography (NaSrBO;) in detail where St’s are replaced by
dopants. Moreover, we report the luminescent and energy
transfer properties of the single-composition white-emitting
phosphor NaSrBO;:RE (RE = Ce’*, Tb**, Mn**) which is of
resonant type via a dipole—quadrupole mechanism while the
transfer rate is strongly dependent on the critical distance based
on the quenching and spectral overlap methods. In addition,
the vacuum UV (VUV) spectra have been obtained for
calculating the components of the 5d orbital of dopants. Except
for the decay lifetime, the evidence of energy transfer has not
been reported using the time-resolved photoluminescence
approach in the NaSrO_gg_yBO3:Ceo_013+, Tby3+ phosphors. The
relationship between distance and transfer rate of a sensitizer to
an activator has been found out here. The transfer rate has been
determined from the concentration of dopants favorably and
compared with the result of CIE chromaticity coordinates.
From related literature, Ce dopants in the NaSrBO; matrix
receive high-energy photons and then transfer the resulting
energy to Eu dopants while radiating low-energy photons.
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Particularly, the energy transfer of Ce®* — Eu®" is absent in the
NaSrBO; system based on the theoretical calculation experi-
ment. The as-prepared NaSrBO5:RE (RE = Ce*', Tb*, Mn*")
phosphors can generate white light for practical UV-LED
devices. We have also constructed a significant model to explain
a possible mechanism of interatomic energy transfer between
rare-earth ions. From our study, it is clearly found that the
NaStBO;:RE (RE = Ce*', Tb*', Mn*") phosphors have high
emission intensity and better thermal stability as compared with
the NaCaBO;: RE (RE = Ce*, Tb**, Mn**) demonstrated by
Zhang et al.*>

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. A series of borate-based
NaSr_,_, .BO;:Ce,, Tb,, Mn, compounds with versatile dopants
were synthesized in one step by the solid-state reaction. The high-
purity Na,CO; (Crown Guaranteed Reagents, 99.7%), SrCO,
(Aldrich, 99.99%), H;BO; (Riedel-de Haén, 99.8%), CeO, (Aldrich,
99.995%), Tb,O, (Aldrich, 99.99%), and Mn,O; (Aldrich, 99%) were
used as precursors in stoichiometric mixtures. Precise amounts of the
starting materials were weighed out and ground in an agate mortar for
30 min to obtain homogeneous mixtures. The mixtures were placed in
alumina crucibles and were then sintered at 850 °C for 8 h at a heating
rate of S °C/min under a reducing atmosphere (N,/H, = 95:5) in an
electric tube furnace. After firing, the samples were gradually cooled to
room temperature in the furnace. The products were crushed and
prepared for measurements.

2.2. Characterization. The composition and phase purity of the
products were identified using synchrotron X-ray diffraction (SXRD)
patterns. A wavelength of 1 = 0.774907 A was recorded using a
Debye—Scherrer camera installed at the BLO1C2 beamline of the
National Synchrotron Radiation Research Center (NSRRC) in
Hsinchu, Taiwan. X-ray Rietveld refinement of the structural models
and texture analysis were performed using the General Structure
Analysis System (GSAS)®” software. Photoluminescence excitation
(PLE) and emission (PL) spectra were measured using the
FluoroMax-3 and FluoroMax-P spectrophotometers equipped with a
150 W Xe lamp and a Hamamatsu R928 photomultiplier tube. The
quantum efficiency (QE) was measured by the absolute method in
HORIBA Jobin-Yvon spectrofluorimeters. An optical integrating
sphere (diameter of 100 mm) showed a reflectance >99% over
400—1500 nm range (>95% within 250—2500 nm) in the device. The
accessories were made from Teflon (rod and sample holders) or
Spectralon (baffle). VUV PLE and PL spectra were obtained using a
beamline BLO3A at NSRRC. The PLE spectra were obtained by
scanning a 6 m cylindrical grating (450 grooves/mm) monochroma-
tor, which has a spanning wavelength range of 85 to 350 nm. A CaF,
plate with a cutoff wavelength at approximately 123 nm was used as a
filter to remove the high-order light from the synchrotron. The PL
spectra were evaluated with a 0.32 m monochromator and detected
with a PMT in a photon-counting mode. Lifetime and time-resolved
PL profiles were recorded at room temperature using an Edinburgh
FLS920 spectrometer with a gated hydrogen arc lamp with a scatter
solution to profile the instrument response function. Diffuse reflection
spectra were obtained using a UV—vis spectrophotometer (Thermo
Scientific evolution 220) attracted to an integral sphere. Drawings of
the crystal structure were produced using a three-dimensional
visualization system for electronic and structural analysis (VESTA).*®

2.3. Computational Method. Density functional calculations
were performed using the generalized gradient approximation (GGA-
PBE) to investigate the electronic structures of the NaSrBO;:Ce and
NaSrBO;:Eu systems. We calculated two systems separately because
the orbitals on Ce and Eu atoms need not interact with each other in
our model. We used the full-potential projector augmented wave
(PAW)*® method and the GGA with on-site Coulombsic interaction
correction (GGA+U),* which was implemented in the VASP
code*""* to calculate the electronic structure and compare the result
with the experimental data. The Ce and Eu 4f eletrons were
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considered in the GGA+U scheme with U = 3.0 eV and exchange | =
0.9 eV. The crystal structure for calculations was based on the results
determined by Wu et al.*® To simulate the 6.25% (1/16) of Ce- and
Eu-doped systems, a 2 X 1 X 2 supercell was considered wherein one
of the Sr was replaced by Ce or Eu.

2.4. Package. First, the as-synthesized borated samples were finely
pulverized and sieved for an encapsulation. Second, the phosphors
were blended with thermally curable silicone resin (OE-6630B, Dow
Corning), and then the hardener (OE-6630A) was added to the
mixture. The weight percentage of the phosphor was 10—30 wt % in
the epoxy resin. The mixture was dropped onto a UV LED chip
(spectrum peak 4 = 365 nm, optical power 2 mW). Finally, the chip
was heated through a two-step thermal curing process at 100 °C for 1
h and then at 150 °C for 2 h in an oven.

3. RESULTS AND DISCUSSION

3.1. Structural Refinement and Crystal Parameters.
The composition, phase purity, and atomic position of the as-
synthesized samples were determined using GSAS and VESTA
software. Figure 1 shows the Rietveld analysis of the
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Figure 1. Rietveld refinement of the experimental (crosses) and
calculated (solid line) SXRD patterns of the NaSr,4,BO5:Ce ;. Purple
vertical lines represent the position of Bragg reflection. The difference
profile is plotted on the same scale at the bottom. Structure refinement

shows the crystal structure of NaSrBO; views in the ac direction
(inset).

NaSr99BO;:Cep; SXRD patterns. The doped-product crys-
tallizes as a monoclinic structure with a space group of P2,/c
and a = 5.32839(9) A, b = 9.27904(15) A, and ¢ = 6.07417(14)
A. All of the parameters of crystallography and observed peaks
are consistent with the reflection condition, lattice constants,
and cell volume (Table 1). The results demonstrate that no
recognized byproduct phase is observed in a series of samples
even under various conditions. The codoped Ce**, Tb*, and
Mn*" ions also did not cause any significant changes in the
obtained samples, regardless of the concentrations of the
dopants. Hence, similar results are not shown in the article. The
inset illustrates the schematic representation of the structural
skeleton of NaSrBOj; plotted according to the refinement data.
The foundational structure consists of isolated planar [BO;]*~
anionic groups distributed in a parallel fashion along two
directions. Additionally, Figure 2a presents the nine-coordi-
nated Sr** in one crystallographic structure and six-coordinated

9162

Table 1. Crystallographic Data of NaSr,BO;:Ce ¢,
Derived from Rietveld Refinement of the SXRD Patterns at
Room Temperature”

NaSr(99BO;:Ceq g,

Uy, % 100
atoms x/a y/b z/c S.OF. A%
Sr(1) 0.242 726 0.413 584 0.222 544 0.99 3.61
Na(1) 0.265 382 0.762 744 0.032 741 1.10 8.19
o(1) 0.018 970 0.663 724 0.199 712 091 0.36
0(2)  —0407279 0665128 0402537  1.06 9.80
0(3) 0.298 511 0.934 916 0.307 579 1.04 0.93
B(1) —0.331 457 0.611297 0.274 359 0.79 8.56
Ce(1) 0.707 720 —8.581 388 8.985 068 0.01 8.93

“Crystal structure: monoclinic. Space group: P2,/c. a = 5.32839(9) 4,
b =9.27904(15) A, ¢ = 6.07417(14) A, cell volume = 295.194(10) A3,
7 =299, R, = 271%, R, = 3.97%.

(b)

Figure 2. (a) Coordination environments of the metal ion sites in the
NaSrBOj; structure. The metal ions are linked with corner-sharing
oxygen atoms in the heteropolyhedral coordination network. (b) View
of 2 X 2 X 2 unit cells along the [100] direction.

Na* with an octahedral polyhedron in the NaSrBOj; structure.
Figure 2b portrays the structure of 2 X 2 X 2 unit cells
highlighted by the tilted [NaOg4]''~ polyhedrons connected
with planar [BO,]*~ groups, which results in a lower symmetry
space group of this material. Based on the above analysis and
the effective ionic radii between the cations and rare-earth ions
with different coordination numbers (Table 2),* these rare-
earth ions can be substitutes for Sr** ions in the host structure.
Therefore, no impurity phase after different ions are doped in
the system is observed.

Table 2. Ionic Radii (A) of Na*, Sr**, B**, and RE (RE =
Ce**, Tb*, Mn”*) Using the Given Coordination Number
(CN)

atoms CN ionic radii (A)

Na* 6 1.020

Sr?t 9 1.310

B 6 0.270

Ce* 9 6 1.196 1.010
Tb** 9 6 1.095 0.923
Mn?* 8 6 0.960 0.830

3.2. PL Properties of Ce3*-, Tb**-, and Mn?**-doped
NaSrBO;. Upon excitation by UV-—visible sources, the
NaSrBO;:Ce*, NaSrBO,:Tb*, and NaSrBO;:Mn** samples
exhibit pure blue, green, and red luminescence to the naked
eye, respectively. The doping concentrations of Ce**, Tb*", and
Mn?* in the NaSrBO; host structure were optimized at 1 atom
%, 7 atom %, and S atom % in the synthetic procedure,
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respectively. Figure 3a illustrates the PLE and PL spectra of the
Ce**-doped NaSrBO, sample in which the PLE spectrum was

(a) 364 402
f-d transition
xex =360 nm
A =424 nm
~ em
: .....

3 542 ope
g (b) 284 Jf~f transition
z 378 A =378nm
g 352 o -

g 318 487 A =542 nm
8 582 621
E (C) d-d transition 685
}"ex =426 nm
A =685 nm
em

492

700

300 400 500 600

Wavelength (nm)

Figure 3. PL excitation (left) and emission (right) spectra of the (a)
NaSr0'99BO3:Ce0‘013*, (b) NaSr0493BO3:Tb0'073*, and (c)
NaSt9sBO3:Mngs>* samples. The corresponding monitoring wave-
lengths are also given.

monitored at 424 nm and the PL was excited at 360 nm. The
PLE spectrum shows two distinct excitation bands at 278 and
364 nm; the late band is consistent with the 365 nm UV-LED
chips. The dominant band (364 nm) is assigned to the 4f—5d
transition of Ce>*, which is an excellent sensitizer for the f—f
forbidden transition of activators in multiple electronic
configurations. The corresponding emission spectrum (Aex
360 nm) shows an asymmetric band that extends from 370 to
510 nm with a maximum at approximately 424 nm, which is
known to be the typical transition from the 5d excited state to
the °F;;, and °F,,, ground states. Through Gaussian
deconvolution, the broad emission band can be decomposed
into two Gaussian profiles (the blue dashed lines) with peaks
centered at 402 nm (24 876 cm™") and 432 nm (23 148 cm™)
with an energy difference of approximately 1728 cm™", which is

consistent with the theoretical value of 2000 cm™.'V***

However, the normalized PL spectra of the NaSr;_BO;:Ce,*"
(x = 0.01 to 0.10) materials were decomposed into Gaussian
contributions in the Supporting Information (Figure S1)
wherein the arrows illustrate the energy shift and change in
relative intensity with increased values of x. The main reason
causes the red shift in the emission spectra due to the
reabsorption effect, which is the overlap of excitation and
emission bands at high Ce®* concentrations.*

The representative 4f—4f intraconfiguration forbidden
transition of the Tb**-doped NaSrBO, sample is presented in
Figure 3b. The 4f° electronic configuration is on the "F level of
the Tb>* ground state, and it has the high-spin °D; and the low-
spin 7D] states in 4f'5Sd" excitation levels. The excitation
spectrum consists of a strong band at 240 nm (Figure 4c) and
some narrow lines at 280 to 450 nm that are assigned to the
spin-allowed states (AS = 0) of the 4f* — 4f’5d" transition and
f—f forbidden transition (AS = +1), respectively. The formula
AE™C® = E(Tb,A) — E(Ce,A) shows that the energy difference
between the first f—d transition of the Tb** ions (287 nm, 34
843 cm™') and Ce’* ions (210 nm, 47 619 cm™") (Figure 4a) is
12776 cm™".** Consequently, the result is close to the average
value of 13200 cm ™" for the spin-allowed f—d transition of the
Tb* ions. The energy difference between the spin-allowed (f—
d) transition and spin-forbidden (f—f) transition is 6802 cm™
[AE = 35211 cm™ (284 nm) — 28409 cm™ (352 nm)],
which is consistent with the previous reported value of 6300
em™1* Except for the above observation, several excitation
bands from "F to °Fs,, *H,_y, *D,, °Lig_7 *Ge_y and °D,_;
levels are observed because of the 4f® electronic configuration.
Furthermore, the PL spectrum under the excitation of 378 nm
displays lower emission-state D, — 7F] (J=3 435 6)
transitions at 487, 542, 582, and 621 nm that correspond to the
typical 4f — 4f intraconfiguration forbidden transitions of Tb*"
ions. The major emission peak that is centered at 542 nm
corresponds to the >D,—F; transition, which can be elucidated
using the reduced matrix elements at ] = S and the Judd—Ofelt
theory.*”** The phosphor emits approximately green lumines-
cence with a relaxation of the 3D, level because the nonradiative

Excitation A¢;, =420 nm

(@)

= = fit peak =210 nm
fit peak =225 nm

= = fit peak =247 nm 272
o

= = fit peak =272 nm

247/

240 —— Excitation

©

Aem =420 nm

Relative Intensity (a.u.)

150 200 250 300 150 200 250 300 350
(b) 416 Emission (d) 542 Emission
ex =254 nm ex =156 nm
ex =272 nm ex =240 nm

400 500 600
Wavelength (nm)

300

700 400

5(l)0 6(l)0
Wavelength (nm)

700

Figure 4. VUV-PLE and PL spectra of (a, b) NaSry0BO;:Ceyq,** (PLE monitored at 420 nm; PL excited at 254 and 272 nm) and (c, d)
NaSr;BO;:Tbyo,>* (PLE monitored at 542 nm; PL excited at 156 and 240 nm).
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cross-relaxation mechanism favors a greater occupancy of °D,
level at the expense of the °Dj level: Tb**(°D;) + Tb** ("F;) —
Tb**(°D,) + Tb*(’F,). This effect is responsible for the
enhancement of the green emissions by the transitions from the
highly poi)ulated D, level when the Tb** concentration is
increased.*”*°

According to the literature, the broad emission band (400 to
750 nm) of Mn**-doped luminescent materials is ascribed to
the *T,(*G) — °A,(°S) transition within the 3d shell where the
electrons are strongly coupled to the lattice vibration as well as
significantly affected by the strength of the crystal field and
coordination numbers. The Mn*" ions with different crystal
field strengths can adjust the emission color from blue/green
(weak crystal field) to orange/red (strong crystal field).! 5152
Therefore, because of its strong crystal field, the Mn?**-doped
NaSrBO; phosphor shows red emission (Figure 3c). Mn** ions
also substituted the nine-coordinate Sr** sites in the host lattice
successfully. Furthermore, the PLE spectrum consists of several
weak bands in the UV and visible locations because of the spin-
forbidden transitions of the 3d° electronic configurations of
Mn** ions. On the basis of the Orgel diagram,> the peaks
center at 360, 384, 426, 450, and 492 nm because of the
transitions from the ground-state level °A,(5S) to the *E(*D),
“T,(*D), [*A,(*G), *E(*G)], *T,(*G), and *T,(*G) excited-state
levels, respectively. Figure 3 shows a significant spectral overlap
between the emission of Ce®* and the excitation of Tb** and
Mn?*; therefore, effective energy transfer from Ce** to Tb**
and Mn** are expected for the codoped samples.

The reflectance spectra of the NaSrBOj; host,
NaSr9BO;:Ceg;>%, NaSryesB0;:Cego1°%, Tbgo**, and
NaSry0sBO5:Cego,*", Mngg,>* samples are shown in Figure
S2. No host absorption/emission in the #-UV region is
observed because the NaSrBO; host absorbs energy below the
200 nm region. Nevertheless, the NaSreBO;:Cego;*" and
NaSry0sBO5:Cego,>", Thyg,** phosphors exhibit three similar
absorption bands with maxima at 240, 310, and 389 nm in the
200 to 450 nm UV region. These are assigned to the f—d
absorption bands of the Ce** ions. As Mn*" ions are introduced
into the borate host, two obscure absorption bands are found at
300 and 384 nm attributed to the complicated excited-state
levels of the spin-forbidden transitions of Mn*" ions. All of the
phenomena are also consistent with the PLE spectra of the
three samples shown Figure 3, which suggest that the
NaSrBO,;:Ce*, Tb** and NaSrBO,:Ce**, Mn** samples have
an expansive and strong absorption range that matches well
with #-UV  chips, thereby making them good phosphor
candidates for w-LED’s.

The VUV-PLE and PL spectra of the NaSryo,BO5:Cego,>*
and NaSr;BO;:Tb,** samples are presented in Figure 4.
The excitation spectrum of the Ce*" ion (Figure 4a) directly
shows the energy state of the S5d level by Gaussian
deconvolution. This can also be used as a strategy to explore
the f—d transitions of other rare-earth ions in the same host
lattice sites because of the similarity of the crystal field effects
on the 5d states of different rare-earth ions. In addition, the
[Xe]4f""'5d" energy configuration can be estimated by the
following empirical eqs 1 and 2:*

Eabs(n’ Ql A) = EAfree(n) Q) - D(Ql A) (1)

Eem(n’ Q! A) = EAfree(n! Q.) - D(QI A) - AS(Q! A)
2
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where Ej;..(n,Q) is a constant of each Ce* free ion which
approaches the energy of the first fd transition; D(Q,A) and
AS(Q,A) are the red shift and Stokes shift in the borate
compound, respectively. The effect of the energy of the
[Xe]5d' configuration of Ce* in the borate compounds has not
been reported. The components of the 5d orbital, crystal field
splitting, Sd barycenter, emission band, and Stokes shift are
recorded in Table 3.>* Furthermore, the centroid shift (g,),

Table 3. Spectroscopic Data of the [Xe]5d" Configuration of
Ce* in Inorganic Compound

sample NaSrBO;:Ce®*

first Sd component (nm) 360

second Sd component (nm) 272

third 5d component (nm) 247

fourth Sd component (nm) 225

fifth 5d component (nm) 210

crystal field splitting (10° cm™) 19.8

5d barycenter (10° cm™) 40.5
emission band (nm) 402, 432
Stokes shift (10° cm™) 2.901

which is the energy difference between the Sd configuration of
Ce®" as a free ion and in the NaSrBO; compound is 10.745 X
10° cm™. The semiquantitative centroid shift () is calculated
depending on the matrix’s average electronegativity values using
the following eq 3:>°

N i
asp

£=179%x10° ) ——2
“~ (R, — 0.6AR)

o

(©)
where ay’ (a,° = 033 + 4.8/y,’) is the spectroscopic
polarizability of an anion ligand (i), y,, is the weighted average
of the electronegativity of the cations in the oxide, R; is the
distance between Ce** and the anion ligands (i) in the
unrelaxed lattice, and AR is the difference in the ionic radius
between the Ce** ion and the substituted cation. For example,
ANaStBO3 = (U{Na + 2)(51' + 3)(B)/6 = 149) aspo = 249! Ri =
257.9-283.4 pm, and AR = 11.4 pm. From previous reports
using eq 3, the centroid shift (¢.) values of some borate
compounds are between 8.730 X 10° cm™ and 12.730 x 10°
cm™". This result also indicates that the experimental result is
consistent with the calculated data. In Figure 4c, the only broad
excitation line is observed from 180 to 300 nm attributed to the
4f* — 4f'5d' transition of the Tb*" ions. The PL spectra
(Figure 4b and d) of the NaSry,BO;:Cejo°" and
NaSry03B05:Tby ;" phosphors with optimized composition
under VUV radiation are similar to that in Figure 3 except for
the difference of the relative intensity.

3.3. Energy Transfer between Luminescent Centers.
The energy transfer mechanism is important in generating
white light and in improving the QE of single-composition
white-emitting phosphors. Figure Sa displays the PL spectra of
NaSrgge_,BO5:Ceg ., Tby3+ phosphors based on Tb** doping
content (y). The emission spectrum appears not only as a blue
band of Ce* ions but also as an intense green band of Tb**
ions under excitation by 360 nm radiation. By increasing the
Tb*" concentration (y), the green emission of Tb*" ions also
increases gradually while the blue emission of Ce® ions
decreases. This observation implicates that the resonance type
energy transfer from Ce®" to Tb*' ions can be expected to
occur in the NaSrBO; host lattice. Moreover, other possible

dx.doi.org/10.1021/am501232y | ACS Appl. Mater. Interfaces 2014, 6, 9160—9172
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Figure S. (a) PL excitation (left) and emission (right) spectra of the
NaSrOAgg_yBOSZCCO.OI}*-, Tb,** phosphors on Tb** doping content ().
(b) Dependence of Ce®* and Tb** emission on the activator
concentration for the NaSr0'99_yBO3:Ce0'013+, Tby3+ and

NaSry3_,BO5:Ce,*, Tby,,>* phosphors.

mechanisms of energy transfer are possible in this system; for
example, the radiation transitions of Tb* ions may directly
excite the neighboring Ce®" ions. The PLE and PL spectra of
the NaSryg;_,BO;:Ce,*, Thy,,”" phosphors with various Ce®*
doping concentration (x) are shown in Figure S3. The results
are contradictory to the Tb>" — Ce’" energy transfer effect.
Figure Sb illuminates the dependence of the integral emission
areas of both the f—f transition (480—650 nm) and f—d
transition (370—480 nm) on the concentrations of the
activators for the NaSrO.gg,yBOyCeo,m”, Tb},3+ and
NaSry3_,BO;:Ce,>", Tbyo,"" phosphors. We propose the
accurate calculation of the relative ratio of Ce** and Tb*
using the following eq 4:

A= [(area)® — (area)®]/(area)™ (4)

where A, is the percentage of change of A (activator), (area)*
and (area)® are the integral emission area of A or S (sensitizer)
with a codoping matrix in the same host lattice, and (area)™ is
the integral emission area of A as a single-doping matrix. For
the NaSrygo_,BO3:Cego;”", Thb,>" series (black line), the
emission area of the Tb>* ions increases remarkably because
of the enhancement caused by the energy transfer effect (Ce®"
— Tb*") at y = 0.07. By contrast, the emission area decreases
progressively when y > 0.07 because of the internal
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concentration quenching effect of Tb*~Tb* clusters.’**” In

the NaSry¢;_,BO;:Ce,>*, Tby,,>* series (blue line), the
emission area of the Ce®" ions decreases significantly because
the Tb* ion cannot be used as a sensitizer that transfers its
energy to the Ce®" activator. The Tb*" ion exhibits green light
as an activator. The chromatic lighting can be adopted in
accordance with the A; value in the NaSrO_gg_yBO3:Ce0_013+,
Tb,** series, such as blue (negative A,) and green (positive A,);
the digital images are shown in Figure S7a.

The luminescence dynamics can be thoroughly investigated
using the PL decay curve, time-resolved PL, the lifetime
calculation, and the energy transfer efficiency because these
suggest the interaction of the activators. The decay curve of the
NaSry4sBO:Cey,** phosphor fits a single-exponential function
[I = I, exp(—t/7)] with a lifetime of approximately 208.5 ns
(Figure 6). Additionally, the decay curves of the NaS-
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Figure 6. PL decay curves of Ce®* in NaSrO‘gg,yBOS:Ceo'Of*, Tby3Jr
phosphors (excited at 360 nm, monitored at 424 nm). The inset shows
the lifetimes of Ce®" and the energy transfer efficiency from Ce®" to
Tb*.

To99-B03:Cegor*", Th,* (y = 0.01 to 0.13) phosphors show
nonexponential curves that indicate that the introduction of
Tb*" ions changes the fluorescence dynamics of the Ce** ions.
This result also confirms the existence of clusters with different
exponential decay rates, such as the Ce—Ce, Tb—Tb, and Ce—
Tb clusters. It also indicates that several energy transfer
pathways between Ce and Tb activators result in different
exponential decay rates. The decay course of these compounds
is evaluated by average lifetime.”* The average luminescent
lifetime of Ce3* ions as a function of different Tb3*

concentration is calculated using the following egs 5 and 6:***
_ [0 I(6)t dt
A I (f) dt (5)

where 7 is the average lifetime and I(¢) is the intensity at time t.

(6)

where 7 is the average lifetime, 7, and 7, are the lifetimes, and
A; and A, are the constants. According to eqs S and 6, the
tendency of the average lifetime is very similar among the series
of samples (Figure 6). The decay lifetime of Ce®" ions
decreases monotonically with increased Tb** concentration,
which strongly supports the energy transfer from Ce*" to Tb*".
The energy transfer efficiency (71) from Ce** to Tb** can be
calculated using the following eq 7:>

T= (AITIZ + AZTZZ)/(AITI + A1)
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temperature, excited at 360 nm and recorded with delay times of up to 220 ns. The arrows show the change of the intensity as a function of Tb**
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where 7gy and 7g are the lifetimes of Ce®* in both the absence
and the presence of Tb*", respectively. Considering the average
lifetimes and eq 7, the maximum energy-transfer efficiency
(Ce* — Tb*") is estimated to be 65% at y = 0.13 (Figure 6
inset). The decay lifetime has been applied previously to prove
the energy transfer process of the codoping materials. Evidence
of energy transfer using the time-resolved PL approach in
NaSrO,gg_yBOyCeO,Of*, Tby3+ phosphors has not been reported.
The rapid reduction in Ce®" emission (blue arrow) and gradual
increment in Tb*" emission (green arrow) are clearly observed
with increased Tb®* concentration (y value; Figure 7). The
phenomenon is ascribed to the energy transfer from Ce®* to
Tb* at the release and acquirement of energy, respectively.
Moreover, the spectral change of the NaSrye,BO;:Ceyo,*",
Tbye,>" sample directly shows the energy transfer effect (Figure
S4). Therefore, the time-resolved PL technique can be
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employed extensively to understand the luminescence dynam-
ics of the other systems.

Three principal interactions may result in energy transfer
from a sensitizer to an activator: radiative transfer, exchange
interaction, and electric multipolar interaction. The occurrence
of radiative transfer in the f—f absorption spectra of Tb** ions is
responsible for the invariant emission intensity of Ce®" ions and
can be ignored. Given the distance between the donor and
acceptor orbitals or necessary energies for the exchange of the
reducing ions, the exchange interaction is constrained for
energy transfer of the borate system. In preliminary
speculations, the energy transfer of the NaSrBO;:RE (RE =
Ce®, Tb’") system proceeds through an electric multipolar
interaction. In accordance with Dexter’s energy transfer
pronouncements of multipolar interaction and the Reisfeld
gpgré%ydmation, the following relation can be expressed using eq

n/3
& Clor

'75 IS

M . I
' (8)
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where 7, is the intrinsic luminescence QE of Ce®" and 7 is the
luminescence QE of Ce* in the presence of Tb*". The value of
o/ can be approximated by the luminescence intensity ratio
(Igo/I5). C is the total concentration of Ce** and Tb*" ions, and
n is the interaction of the energy transfer mechanism. The
relationship of (I/Is) vs Cceyy™> is plotted in Figure 8,
where n = 3, 6, 8, and 10 for the exchange, dipole—dipole (dd),
dipole—quadrupole (dq), and quadrupole—quadrupole (qq)
interactions, respectively. According to the optimal fitting
factors (R* = 1) of linear relationship, the energy transfer (Ce®"
— Tb’) of the NaSrBO,;:Ce’, Tb’" system occurs
predominantly via the dipole—quadrupole (dq) interaction
(Figure 8c).

The effective energy transfer from Ce* to Mn*" is expected
because of the significant spectral overlap between the emission
of Ce’" and the excitation of Mn*" (Figure 3). Consequently,
the PL spectra are composed of the blue and red emission
bands, which are assigned to the distinctive f—d allowed
transition of Ce>" and the d—d forbidden transition of Mn?" in
the NaSrggo_,BO5:Ceyo;*", Mn,>* samples, respectively (Figure
9). The variation of both emission bands (Ce** and Mn?) is

s 705 L. —I= 0.01
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Figure 9. Dependence of PL spectra of Ce** and Mn®" in the
NaStg g9_,BO5:Ceg,°", Mn,** samples on the Mn** doping concen-
trations (z = 0.01—0.15). The inset shows the variation in emission
wavelengths (nm) of Mn** ions and the ratio of emission area ([Mn]/
[Ce]) with increased Mn?*-doping concentrations from 0.01 to 0.15.

observed when the Mn**-doping concentrations are increased
from 0.01 to 0.15. This result supports the energy transfer from
Ce’* to Mn** (ET¢,_,) and the red-shift of Mn?* emissions as
the z value increases. This observation may be attributed to the
significant dispersion of sizes (®Ir(sr**) = 1.31 A) caused by a
larger crystal field splitting of Mn*" 3d energy levels as a result
of size mismatch; the Mn dopant (®*+(Mn?*) = 0.96 A) is
slightly smaller than the Sr** ions. The capacity of the red shift
of Mn** emissions and the ratio of integral emission areas (red/
blue) are described in the inset of Figure 9. To verify the course
of energy transfer further, the PL decay curves of Ce*" and
energy transfer efficiency (171) from Ce®" to Mn®* with various
Mn?* concentrations are illustrated in Figure SS. By using eq 7,
Nce—mm can reach 74%, which is higher than #c._r, (65%)
because of the considerable spectral overlap between the
emission of Ce®" and the excitation of Mn*'. The remarkable
enhancements of the red emission bands compared with the
blue emission bands can be observed from experimental data
and calculated according to following eqs 9 and 10:°'
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Wi = = -

TCe TCe (9)
I_R _ VVCe—Mn}/ZTZ
Iy " (10)

where 7.0 and 7, are the lifetimes of Ce®* in the absence and
presence of Mn*', respectively; I is the intensity of different
emission bands; y; and y, are the radiative transition rates of
Ce* and Mn?* from intrinsic lifetime measurements of 208 ns
and 1 ms, respectively, which are independent of Mn>*
concentrations; and 7, is the lifetime of Mn?* in the presence
of Ce®. Figure 10 shows that the calculated ratios are

Calculated
I Experimental
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e e e
- =) =
1 1 1

I eq/Tp1ue T2t (2.01)
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Figure 10. Calculated and experimental ratios I,.4/I;,. (the red band
to the blue band) of the NaSrygy_,BO;:Ceqo;>*, Mn,** samples at
different Mn** concentrations. The ratios are scaled to the maximum.

consistent with the intensity ratios obtained directly from the
emission spectra in Figure 9, except at z 0.15. At the
maximum Mn?" concentration, a large deviation between the
experimental and calculated values of the concentration
quenching, reabsorption, and saturation of the energy transfer
are found.

3.4. Energy Transfer Rate. Few papers on the relationship
between distance and transfer rate of a sensitizer to an activator
were found in the literature. The rate determined from the
concentration of dopants favorably compares with the result of
CIE chromaticity coordinates. The critical distance (Rc) for
energy transfer from the Ce* to Tb** or Mn** ions can be
calculated. Accordins% to Blasse, the critical distance can be
expressed by eq 11:

1/3
1%

RC
4y N

2

(11)

where V is the volume of one elementary cell, y, is the critical
concentration at which the luminescence intensity of sensitizer
(Ce®) is half of that without an activator (Tb*" or Mn**), and
N is the number of substituent sites for the dopant in the unit
cell. Hence, the critical distance (R.) for the energy transfer
from the Ce® to Tb>" or Mn?* ions is about 12.08 and 15.22 A,
respectively. The critical distance between the sensitizer and
activator should be shorter than 4 A for the exchange
interaction to result in a resonant energy-transfer mechanism.*>
Given the random distribution of all dopants, the average
separation from the sensitizers to the activators can be
estimated using eq 12:%
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Ry, = X 1000

47NP (12)
Equation 12 is similar to eq 11 except that P is the total atomic
percent of the two dopants. The rate of energy transfer in the
case of electric dipole—quadrupole (dq) can be expressed based
on the spatial separation of dopants using eq 13:%'

8
)
Tg (13)

where 7g is the lifetime of the sensitizer (Ce®") without an
activator (Tb** or Mn*"); R, and Rg_, are the critical distance
and the spatial separation between the sensitizer and the
activator, respectively. The transfer rates of the two series of
samples are calculated using eqs 9 and 12, and the results are
given in Figure 11. The tendency of the NaSr0_99_yBO3:Ce0.013+,
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Figure 11. Transfer rates of the (a) NaSrg9_,BO;: Ceport Tb, > and
(b) NaSrg49_,BO5:Ceg;%", Mn,** phosphors. The dotted curve shows
the calculation using eq 13. The inset shows the process of energy
transfer between sensitizer and activator whether obstruction exists or
not.

Tb, ** phosphors is close to the dotted curve exhibited by eq 13,
and the transfer rate protrudes less than ~13 A, which is near
the critical distance (R, = 12.08 A; Figure 1la). The large
deviation (blue line) between the experimental data and the
calculated curve of the NaSrggy ,BO;:Cego;**, Mn,>* phos-
phors may be ascribed to concentration quenching, reabsorp-
tion, and saturation of the energy transfer as well as complex
interactions that slow the rate of energy transfer (Figure 11b).

3.5. Mechanism of Electron Transition. This section
explores the possible mechanism of electron transition in the
NaSrBO;:Ce*" and NaSrBO;:Eu®* systems. The density of state
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spectrum of the NaSrBO;:Ce®" compound is shown in Figure
12a. The highest occupied state in the Ce doping system is the
Ce 4f obital, which is about 2.9 €V lower than the conduction
band (CB) edge of the matrix. The splitting of the Ce 4f obitals
in the band gap comes from the local-symmetry breaking on
the Ce site caused by removal of nearby Na atoms [Figure S6a].
In the CB, the 5d orbitals of Ce are separated by a wider energy
range because of the hybridization of the Sr 5s and O 3s states.
The 3.1 eV separation between the Ce 5d main peaks and the
occupied Ce 4f obital corresponds to the wavelength at 400
nm. This result is similar to the measured emission wavelength
of 422 nm in the NaSrBO;:Ce*" system. In the Eu-doping
system, the top of the occupied states is approximately 1.2 eV
lower than the CB. The bottom of the Eu 5d obitals is about
0.8 eV higher than the CB edge. This result leads to ionization
of the excited 5d electrons because of the overlap between the
5d obitals and the CB edge in the NaSrBO;:Eu*" system.
Furthermore, the few contributions of 5d obitals is observed in
Figure 12b. Based on the results mentioned, the absence of the
NaSrBO;:Eu’* sample can be shown by the combined approach
(theoretical calculation—experimental research) for the first
time. The PL of the Ce Sd—4f transitions is realized, and the
forbidden mechanisms of interatomic energy transfer between
the NaSrBO;:Ce®* and NaSrBO;:Eu** systems are also
proposed. A summary of the luminescence dynamics and
energy transfer processes from Ce** — Tb** or Ce** — Mn?"
in the NaSrBOj; host is shown in Figure 13. The Ce®" ion can
be used as a sensitizer that transfers its energy via resonance to
the activators Tb*" or Mn?*. First, the electrons on Ce>* jons
are excited from the ground state (4f) to the excited state (5d)
using 365 nm UV light. Subsequently, these electrons relax to
the lowest excited state of the Sd orbitals through multiphonon
relaxation and then either return to the ground state to produce
the Ce* emissions (Sd — °Fs), ’F,;,) or transfer their
excitation energy from the stable 5d level to the higher excited
energy levels of Tb*" (°D;) through dipole—quadrupole (dq)
interaction followed by relaxation to the °D, level to produce
green emissions (f—f transition). Third, the red emission is the
spin-forbidden *T;(*G) — ®A,(°S) transition of Mn?* attributed
to the migration of excited Ce*" electrons to the 3d level of
Mn®" via energy transfer, wherein the dipole—quadrupole (dq)
interaction occurs again.

3.6. Device. Energy transfer from the sensitizer to the
activator is a feasible route to realize color-tunable emission;
white-light emission can be obtained by mixing the tricolor
(RGB) light sources at a suitable ratio. Figure S7 shows the
digital images of the presynthesized samples excited by 365 nm
radiation. The excitation spectra of the blue-emitting
NaSrBO;:Ce phosphor is encouraged congruously with a UV
chip (A = 365 nm). To evaluate the applicability of the
borate phosphors, we fabricated three LED devices which
consist of the NaSryeoBO;:Cego;**, NaSryg,BO;:Ceqor’,
Tby;"*, and NaSr,g9BO3:Ceq;”*, Ty, Mng,s>* phosphors
and an InGaN chip covered with translucent resin (Figure 14).
The CIE chromaticity coordinates calculated from the emission
spectra of NaSrBO;:Ce**; NaSrBO,:Ce®’, Tb**; and NaSr-
BO;:Ce’**, Tb**, Mn** phosphors are (0.1660, 0.0639), (0.2942,
0.3485), and (0.2810, 0.250S5), respectively. The actual PL
efficacies of the three devices are 31, 70, and 36 lmW™},
respectively (Figure 14a—c). In addition, Figure S8 displays
electroluminescence spectra of NaSrygsBO5:Cego;®", Tbygr ",
Mng,,>" which was excited with an InGaN LED (/.. = 365
nm) under different forward bias currents in the range of 10

dx.doi.org/10.1021/am501232y | ACS Appl. Mater. Interfaces 2014, 6, 9160—9172
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Figure 13. Scheme of energy-level and energy-transfer pathways in
NaSrBO,;:Ce**, Tb**, Mn?*.

mA to 60 mA. The optical properties of specific component 01 02 03 04 05
phosphor are also summarized in Table S1. These values are
lower than that of a commercial YAG:Ce-based blue chip

device based on the complex interaction of the energy transfer, Figure 14. Representation of the CIE chromaticity coordinates for (a)
which is ascribed to several factors, such as the reabsorption, NaSr9BO;:Cego;®; (b) NaSry,BO5:Cego;>*, Thgo,°*; and (c)
large Stokes shift, and nonoptimization. However, the tunable NaSrysBO5:Cego**, Thgo,>", Mngos** phosphors. The insets show
CIE and CCT are obtained by adjusting the components of these devices under a 20 mA forward bias current.
single-composition white-emitting phosphor (NaSrBO;) in

practical applications and performance. transfer in a single-composition white-emitting phosphor. The

3.7. Comparison NaSrBO;:RE (RE = Ce**, Tb3*, Mn?*) QYs of NSB:Ce’*, Tb*; NSB:Ce¥*, Mn?*; and NSB:Ce*', Tb*,
Phosphors with NaCaBO;:RE (RE = Ce3*, Tb3*, Mn?")% Mn** samples under UV excitation are summarized in Table S2.

Phosphors. Figure 15 presents the effect of alkaline-earth In addition, the NaSrBO;:Ce is more suitable for application in
metals (M = Sr, Ca) on PL spectra of the fired NaMBO;:Ce a commercial UV chip-based device as a result of excited
(0.01 atom %) phosphors. The highest PL emission intensity of positions. Upon variation of the component, there is a clear
the NaSrBO;:Ce compound is higher than that of the change in the shape of PL spectra. The true colors of
NaCaBO;:Ce about 31%. Furthermore, the QEs of NaSr- NaSrBO;:Ce and NaCaBO;:Ce are blue and indigo,
BO;:Ce and NaCaBO;:Ce are 85% and 74%, respectively. It is respectively (digital photograph is shown as an inset). Thermal
evidence for great effect on the Ce**—Tb*"/Ce**—Mn** energy properties of luminescent materials are pivotal parameters
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Figure 15. PL spectra of NaSrBO;:Ce and NaCaBO5:Ce (Ce = 0.01
atom %) samples measured at 298 K under 360 and 347 nm excitation,
respectively. The inset shows the digital photos of NaSrBO;:Ce and
NaCaBO;:Ce samples under 365 nm UV lamp excitation.

which determine the efficiency and reliability of practical
devices. According to the definitions, thermal stability of
phosphors usually refers to the remaining PL intensity at 150
°C with respect to that at RT. As shown in Figure 16a,b, the
decreasing rate of PL intensity is quicker in the NaCaBO;:Ce
than that of NaSrBO;:Ce. It means that the NaSrBO;:Ce
sample is thermally stable. The thermal quenching behavior of
photoluminescence is evaluated by measuring the spectrum of a
sample that is heated from ambient temperature to 573 K. The
empirical equation: It/I, = [1 + D exp(—E,/kT)]™" has been
used to fit the curve in Figure 16c, where I; (intensity at T = 0),
D (constant), and E, (activation energy) are refined variables.®®

NaSrBO;:Ce material has an excellent activation energy (E,) of
~0.35 eV, which is 1.35 times higher than that of the
NaCaBO;:Ce compound (~0.26 eV). Due to the nonradiative
transition, the probability of the NaSrBO;:Ce material
markedly decreased with a further increase of temperature.
The corresponding CIE color coordinates have been calculated
from their emission spectra (A, = 360, 347 nm) at various
temperatures (298—573 K) which have been shown in Figure
16d. It indicates that the NaSrBO;:Ce is blessed with high color
purity. In addition, the thermal behavior of the NSB:Ce®*, Tb**;
NSB:Ce*, Mn?**; and NSB:Ce*, Tb**, Mn>* samples is
measured as a function of various temperatures (K), as
shown in Figure S9. On the basis of the above discussion,
the NaSrBO;:Ce, Tb, Mn phosphors have superior properties
as compared with NaCaBO;:Ce, Tb, Mn,* which lead to real
applications as phosphors excited by UV-LEDs to emit white
light.

4. CONCLUSIONS

White-emitting, single-composition phosphors with appropriate
output efficiency (70 ImW™"), high PL stability, and relatively
low price were fabricated using NaSrBO4:RE (RE = Ce*', Tb*,
Mn*") compounds. The spectra, decay time, time-resolved PL,
and formulas were based on a resonant type mechanism of
energy transfer that occurs via a dipole—quadrupole reaction.
The accurate measurement of the transfer rate between the
Ce* and Tb*" ions may establish a method to estimate the
critical distance of codopants in other luminescent materials.
Tuning of the color ratio (Iy,/Ic.) can be obtained
simultaneously from calculation of the lifetime and exper-
imental data. The mechanism of luminescence in the
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NaSrBO;:Eu** system has not been reported in detail until
now. We elucidated the band structure and possible mechanism
of electron transition to confirm that the Sd—4f transition
cannot be generated by theoretical calculation. According to the
practical package, the borate phosphors are excellent candidates
for UV radiation-excited devices.
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